INTRODUCTION
The Hedgehog (Hh) protein was originally discovered in Drosophila because of its role in segment polarity (Nusslein-Volhard & Wieschaus, 1980) . Genes encoding three vertebrate Hh ligands were first described in the early 1990s and named Sonic Hh (encoded by Shh), Indian Hh (Ihh) and Desert Hh (Dhh). Hh proteins are now recognized to be key regulators of cell proliferation, differentiation and cell-cell communication and as morphogens they have important roles in embryogenesis, stem cell maintenance and oncogenesis. Hh signalling in mammals has been most widely studied in the context of specific cancers (Kinzler et al., 1987; Dahmane et al., 1997; Raffel et al., 1997; Grachtchouk et al., 2000; Nilsson et al., 2000; Taylor et al., 2002; Couve-Privat et al., 2004; Boonen et al., 2005) , and its critical role in the maintenance of cancer stem cells has emerged from analysis of small cell lung cancer (Watkins et al., 2003) , gastric and upper gastrointestinal tract cancer and cancers of the pancreas (Thayer et al., 2003) , prostate (Karhadkar et al., 2004; Sanchez et al., 2004) , skin (Adolphe et al., 2004) and ovary (Chen et al., 2007) . The capacity of Hh ligands to affect particular aspects of testis growth and spermatogenesis has been amply demonstrated (Bitgood et al., 1996; Szczepny et al., 2006 Szczepny et al., , 2009 , and this study investigates for the first time the potential for Hh signalling to influence spermatogonial stem cells (SSCs) in the mammalian testis.
The transcript encoding the sole murine testicular ligand, Dhh, was shown previously to be produced only in Sertoli cells from embryonic day (E) 11.5 (Bitgood & McMahon, 1995) through to adulthood (Szczepny et al., 2006) . Dhh appears to be essential for normal differentiation of Leydig, myoid and endothelial cells in the foetal testis (Buehr et al., 1993; Martineau et al., 1997; Barsoum & Yao, 2011) , governing basal lamina deposition and cord formation (Franco & Yao, 2012) . Spermatogenesis is severely reduced in Dhh À/À testes after birth, with spermatogonia and spermatocytes being rare. This may be a consequence of early functions of Dhh in germ cell proliferation or instead arise from Leydig cell deficiency which indirectly impairs spermatogenesis (Kawai et al., 2011) . Several lines of evidence indicate that the Hh pathway functions within germ cells in the post-natal testis. Localization of glioma-associated oncogene homologue (Gli) transcription factor-1 (Gli1) in spermatogonia, spermatocytes and spermatids indicates that these cells have active Hh signalling (Kroft et al., 2001; Makela et al., 2011) , because of the fact that Gli1 is a direct target of pathway activity (Scales & de Sauvage, 2009 ). Transcripts and/or proteins encoding the transmembrane receptors Patched (Ptc)-1, Ptc2 and Smoothened (Smo) and the positive pathway regulator, Fused (Fu), are present in both mitotic and meiotic murine germ cells (Szczepny et al., 2006; Morales et al., 2009) , demonstrating that these cells have the machinery required for Hh ligand responsiveness. It appears that Hh signalling is regulated during the latter stages of spermatogenesis, as the transcript encoding Suppressor of Fused (SuFu), a repressor of pathway activity, is abundant in round spermatids and the protein readily detected only in elongating spermatids. The observation that ectopic Gli1 synthesis in spermatocytes caused meiotic arrest (Kroft et al., 2001) provides additional evidence that Hh pathway activity must be regulated for normal fertility. More recently, short-term culture experiments with Hh signalling inhibitors have demonstrated that Hh pathway activity affects mitotic and meiotic germ cells as well as Sertoli cells (Szczepny et al., 2009; Makela et al., 2011) .
Spermatogonial stem cells and their undifferentiated progeny are functionally unique cells which sustain fertility throughout adulthood because they retain the potential for self-renewal along with the capacity to differentiate into spermatozoa (Nakagawa et al. 2010) . Although existing evidence implicates Hh signalling in several stages of germ cell maturation, its potential to affect adult SSCs has not been addressed. An important model for examining SSCs is the adult irradiated rat testis, in which all differentiating germ cells are lost except for spermatogonia which have the capacity to repopulate the testis. In this model, spermatogenic recovery can be reliably stimulated within 4 weeks after irradiation treatment by suppression of testosterone using GnRH antagonists (GnRH-ant) (Shuttlesworth et al., 2000) . We provide here new information that compares the cellular sites of Hh signalling activity in the adult rat testis with what is observed during the maintenance of adult SSCs following testicular damage and in the initial stages of spermatogenic recovery. These findings reveal a previously cryptic role for Hh signalling activity that may function during normal spermatogenesis as well as during conditions of damage, in which maintenance of SSCs is essential to an individual's future fertility.
MATERIALS AND METHODS

Ethics statement
Use of Sprague Dawley adult male rats was approved by the Monash University Standing Committee on Ethics in Animal Experimentation. All procedures for adult LBNF1 male rat experiments were approved by the M.D. Anderson Cancer Institutional Animal Care and Use Committee. All rats were humanely killed at a designated establishment by inhalation of CO 2 followed by cervical dislocation.
Animals
Sprague Dawley adult male rats were obtained from Monash University Central Animal Service and killed by cervical dislocation before collection of testes for routine histological processing and RNA analyses (as in (Szczepny et al., 2006) ). For studies on irradiated testes, adult LBNF1 male rats (hybrids between Lewis and Brown-Norway) were purchased from Harlan SpragueDawley, Inc. (Indianapolis, IN, USA). Animals were allowed to acclimatize for 1 week before initiation of the experiment. Rat testes were collected for routine histological approaches. All histological specimens were preserved in Bouin's fixative as described in previous studies (Shuttlesworth et al., 2000) . These samples have been previously studied by us to describe the expression profile of C-kit in the rat testis (Prabhu et al., 2006) .
Irradiation and hormone treatment
Animals were anaesthetized with 0.72 mg ketamine/kg and 0.022 mg acepromazine/kg (i.m.), and then a single 6-Gy dose was delivered to the lower part of the abdomen by a Co c-ray unit (Eldorado 8; Atomic Energy of Canada, Ltd, Ottawa, Canada) (Shuttlesworth et al., 2000) . GnRH-ant treatment was performed as previously described (Shuttlesworth et al., 2000) in which 15 weeks after irradiation, animals were given simultaneous injections of 1.5 mg Cetrorelix pamoate and 1.5 mg Cetrorelix acetate (ASTA Medica, AG Frankfurt, Germany), each at a different site in the upper portion of the dorsal region. A second Cetrorelix pamoate injection was given 3.3 weeks after the first. Hormone doses were based on results in Sprague Dawley rats, in which Cetrorelix pamoate at 1.5 mg/animal produced uniform suppression of testosterone levels for 27 days (Shuttlesworth et al., 2000) . Animals were killed and testes collected at specific times between 3 days and 4 weeks following the start of GnRH-ant treatment. At least three animals were used for each time point.
In situ hybridization
The cDNAs corresponding to target genes were previously generated, validated by sequencing and Northern blot analysis and used as described (Szczepny et al., 2006) to examine the Hh pathway in mouse samples. The high sequence similarity between rat and mouse sequences corresponding to the probe (98%) enabled us to use these new constructs with confidence that they would work on rat samples. Briefly, sense and antisense DIG-labelled cRNA probes were synthesized by in vitro transcription from plasmid cDNA with digoxigenin-UTP (Roche Diagnostics, Castle Hill, NSW, Australia) using T7 and SP6 RNA polymerases (Promega, Madison, WI, USA) and quantified by dot blot according to the DIG-UTP manufacturer's instructions. Sections were treated with proteinase K (0-5 ng/mL) for 30 min at 37°C. Hybridization was performed with 100-300 ng/lL of each DIG-cRNA probe at 50°C overnight. Both antisense and sense (control) probes were used in each experiment on duplicate samples under identical conditions. Sections were developed with NBT-BCIP (Pierce, Rockford, IL, USA), counterstained with Harris Haematoxylin and mounted with GVA mounting solution (Zymed, San Francisco, CA, USA) under 268 Andrology, 2014, 2, 267-274 glass coverslips. Each experiment was repeated at least three times and performed on at least three independent samples, with normal adult testis specimens used as positive controls.
Immunohistochemistry
Immunohistochemistry with the anti-SuFu antibody (goat polyclonal, sc-10933; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-DDX4/MVH antibody (rabbit polyclonal, ab13840; Abcam, Cambridge, UK), anti-Gli1 antibody (rabbit polyclonal sc20687; Santa Cruz Biotechnology), anti-Gli2 antibody (rabbit polyclonal, ab7195; Abcam) and anti-PLZF antibody (rabbit polyclonal, sc-22839, Santa Cruz) was performed as previously described (Szczepny et al., 2006) . Briefly, antigen retrieval was performed in 50 mM glycine (pH 3.5; ≥90°C maintained for 8 min) and the primary antibodies were applied at 1.0-2.0 lg/ mL for overnight incubation in 0.1% bovine serum albumin (BSA)/PBS. Negative control sections were incubated with .1% BSA/TBS lacking primary antibodies. Subsequent steps were performed at room temperature, with PBS washes (3 9 5 min) between incubations. Primary antibody binding was detected using a biotinylated rabbit anti-goat antibody for anti-SuFu, anti-Gli1, anti-Gli2 and anti-PLZF (DAKO, North Sydney, NSW, Australia; 1 : 500 dilution, 1 h) and a biotinylated goat anti-rabbit antibody for anti-DDX4/MVH antibody (Vector Laboratories, Burlingame, CA, USA; 1 : 500, 1 h) then with the Vectastain Elite ABC kit according to the manufacturer's instructions (Vector Laboratories). Antibody binding was detected as a brown precipitate following development with 3,3'-diaminobenzidine tetrahydrochloride, with Harris Haematoxylin used as counterstain. Sections were mounted under glass coverslips in Depex (BDH Laboratories, Poole, UK). At least three independent samples were examined.
RESULTS
Cellular expression of Hedgehog components in adult rat testes
Previous microarray data have indicated that, among the three mammalian Hedgehog ligands, Dhh is the only one produced in the post-natal testis (Small et al., 2005; Szczepny et al., 2006; Zhou et al., 2010) . In situ hybridization analysis of adult rat testis showed that the mRNA encoding Dhh is detectable in the Sertoli cell cytoplasm and in some spermatogonia and spermatocytes, while transcripts encoding signalling machinery were detected in multiple germ cell types, in agreement with previous studies (Fig. 1A) . Ptc2, Gli1 and Gli2 transcripts were readily detected in spermatogonia and spermatocytes. Much less intense signals for each of these were evident in round spermatids, particularly for Gli2 (Fig. 1B,C,E) . Reagents suitable for localization of Gli proteins have recently become available, and we applied these for the first time to delineate the cellular expression profile of Gli1 and Gli2 proteins in the adult rat testis (Fig. 1D,F) . The detection of the Gli1 protein, in spermatogonia, spermatocytes, elongating spermatids and many interstitial cells provides an indication that these cells have Hh signalling activity, as Gli1 is a direct target that is strongly upregulated by Hh signalling. Localization of Gli2 protein to the nucleus of round spermatids and in the cytoplasm of elongating spermatids and some interstitial cells identifies these as cells with active Hh signalling; this transcription factor is typically active as a transcriptional activator when present in its full-length isoform. The strong SuFu signal observed in round spermatids and detection of SuFu protein in round and elongating spermatids (Fig. 1G,H ) matches what has been reported in adult mouse testis (Szczepny et al., 2006) and proposed to indicate that this is upregulated to suppress Hh activity in the latest stages of spermatogenic differentiation. Detection of the Ptc2, Gli1, Gli2 mRNAs in endothelial cells of the adult rat testis reveals these as an additional site of Hh function.
Cellular expression of Hedgehog pathway components in irradiated rat testes
An antibody to DDX4/MVH was used to mark the germ cells in all groups of irradiated rat testis samples ( Fig. 2A1-A4 ; Vasa Protein). Although the mRNA encoding Dhh is present in Sertoli cells of normal adult rat testis, it was detected in undifferentiated spermatogonia, in peritubular myoid cells, in endothelial cells and in some interstitial cells of irradiated rat testis samples by in situ hybridization. This Dhh signal was observed in samples from rats prior to GnRH-ant treatment (Fig. 2B1) and at 3 days after GnRH-ant treatment (Fig. 2B2) . A faint signal was also detected in samples collected 1 week after treatment (Fig. 2B3 ), but this was absent at 4 weeks after treatment, when differentiation of some spermatogonia is apparent (Fig. 2B4) .
Similar to Dhh, Ptc2 and Gli1 mRNA signals were apparent in undifferentiated spermatogonia, endothelial cells and in some interstitial cells prior to antagonist treatment ( Fig. 2C1 and D1 respectively) and at 3 days after treatment ( Fig. 2C2 and D2 respectively). These signals were less intense in the 1 week posttreatment group (Fig. 2C3 and D3 respectively) and were not detectible by in situ hybridization from samples collected 4 weeks after treatment ( Fig. 2C4 and D4 respectively) . The same tissue blocks were previously used to study expression of the KIT mRNA in adult spermatogonial cell differentiation (Prabhu et al., 2006), and these experiments were repeated in parallel in this study to ensure the integrity of mRNAs in the 4-week post-treatment group samples; KIT mRNA was detected in spermatogonia in all sample groups (data not shown). In contrast to all other Hh signalling pathway components examined in this study, the SuFu mRNA and protein were undetectable across all groups in the irradiated adult rat testis (Fig. 2E1-E4 and F1-F4 respectively).
PLZF is a marker of undifferentiated spermatogonia and spermatogonial stem cells (Costoya et al., 2004) . To unequivocally determine whether these cells contain Gli1, immunohistochemistry was performed with serial sections from all treatment groups. In every sample, many cells with the rounded shape and chromatin features characteristic of spermatogonia were observed to contain both PLZF and Gli1 proteins (Fig. 3A-H) .
DISCUSSION
The key outcome from this study was the discovery that mRNAs encoding essential Hh signalling components are produced by cells with spermatogonial stem cell capacity in the adult testis. Detection of the Gli1 mRNA and protein in these cells indicates they are potential sites of active Hh signalling. By identifying spermatogonia containing both Dhh and Gli1 in the damaged testis, we provide new evidence suggesting that an autocrine Hh signalling loop may sustain these cells prior to their differentiation, but this does not appear to be sustained during their recovery. It will be informative to learn what controls this switch.
In the irradiated adult rat testis model with atrophic tubules, undifferentiated spermatogonia are the only germ cell type present. These cells can proliferate, but they fail to differentiate so that further transit amplification steps in spermatogenesis are absent. However, if GnRH-ant treatment is applied that causes a substantial reduction in intratesticular testosterone, then spermatogenic recovery begins as early as the fourth week after treatment (Shuttlesworth et al., 2000) . This model enables identification of the undifferentiated spermatogonia, a population not readily visible in the normal adult testis because of its scarcity, as the site of expression of Hh signalling machinery. The latter persists for between 3 days and 1 week post treatment, but disappears by the fourth week with the onset of differentiation by some spermatogonia. The presence of the Gli1 transcript demonstrates for the first time that Hh signalling may be active in undifferentiated spermatogonia and is shut down when they begin to differentiate in this model. Although there are differentiated spermatogonia present at 4 weeks, there are also still undifferentiated spermatogonia at that time. We hypothesize that this reflects a role for Hh signalling in maintaining SSCs in a state, in which they are incapable of differentiation, similar to what we observe in 270 Andrology, 2014, 2, 267-274 gonocytes prior to their transformation into spermatogonia (data not shown).
In the context of cancer stem cells, it has been suggested that the Hh ligand promotes the expansion of multiple myeloma cells without differentiation, whereas Hh pathway blockade is accompanied by terminal differentiation of multiple myeloma cells (Peacock et al., 2007) . During spermatogenic recovery in the irradiated testis, production of Hh pathway transcripts appears to cease when spermatogonia differentiate in response to an altered hormonal environment, and it will be interesting to explore whether transcription of one or several of these transcripts are directly affected by specific hormones.
In normal tissues, Hh-induced progenitor cell proliferation is transient and tightly regulated, preventing continuous regeneration. However, constitutive Hh signalling activation results in unregulated self-renewal of progenitor cells in association with several human cancers. For example, aberrant activation of Hh signalling mainly owing to a Ptc mutation is responsible for Gorlin's syndrome, which is predominantly characterized by basal cell carcinoma, medulloblastoma and rhabdomyosarcoma (Varjosalo & Taipale, 2008) . The initiation and progression of a range of cancers has also been related to other components of the Hh signalling pathway, with Gli1 most notably found to be amplified in human glioma (Kinzler et al., 1987) . Abnormal activation of Hh signalling through mutations in Smo and Gli2 is also found in basal cell carcinoma (Reifenberger et al., 1998; Xie et al., 1998; Regl et al., 2004) . In addition, loss-of-function mutations in negative regulators of the Hh signalling pathway, including Ptc and SuFu, are linked with tumorigenesis (Taylor et al., 2002; Sheng et al., 2004; Chi et al., 2006; Tostar et al., 2006) . Thus, the loss in capacity to regulate cellular differentiation and proliferation explains the involvement of aberrant Hh signalling in distinct subsets of tumours that feature mutations in individual pathway components.
Hh signalling pathway serves homeostatic roles in tissues through stem cell maintenance (Michel et al., 2012) . This study reinforces previous evidence that Hh signalling pathway is modulated by transcriptional regulation of the mRNAs encoding pathway receptors, ligands and intracellular signalling modulators (Farzan et al., 2009) , including during progressive differentiation of male germ cells (Szczepny et al., 2006; Morales et al., 2009; Makela et al., 2011) . Both spermatogonia and spermatocytes in the adult rat testis contain Ptc2, Gli1 and Gli2 mRNAs, supporting other data which identify mitotic and meiotic male (A1-A4, F1-F4 ) and in situ hybridization with antisense cRNAs (B1-B4, C1-C4, D1-D4, E1-E4) were used to detect proteins and mRNAs, respectively, within cells of the irradiated adult rat testis. Insets in each panel illustrate controls lacking primary antibody (a1'-a4', f1'-f4') and sense probe controls for in situ hybridization (b1'-b4', c1'-c4', d1'-d4', e1'-e4'). (A1-A4) Vasa protein in spermatogonia (arrows) prior to antagonist treatment (A1), 3 days after treatment (A2), 1 week after treatment (A3) and 4 weeks after treatment (A4), (B1-B4) Dhh mRNA expression in spermatogonia (arrows) and endothelial cells (arrow head) prior to antagonist treatment (B1), 3 days after treatment (B2), 1 week after treatment (B3), no positive signal at 4 weeks after treatment (B4) [B1-B4, antisense; b1'-b4'(inset), sense control] (C1-C4) Ptc2 mRNA expression in spermatogonia (arrows) and endothelial cells (arrow head) prior to antagonist treatment (C1),germ cells as active in Hh signalling (Kroft et al., 2001; Szczepny et al., 2009) . The restricted expression of SuFu to the more mature post-meiotic haploid germ cells is consistent with the proposed requirement for down-regulation of Hh signalling during progression of male germ cells through spermiogenesis (Szczepny et al., 2006) . Thus, controlled regulation of Hh signalling pathway appears to be an inherent property of normal spermatogenesis, and understanding the mechanisms by which this occurs will shed light on the processes that control normal and perturbed spermatogenesis, as well as illuminating mechanisms by which Hh activity is controlled. Furthermore, it will be interesting to consider the potential for Gli transcription factors to mediate or be influenced by crosstalk between Hedgehog and other signalling pathways, as transforming growth factor-b (via Smad3), RAS (via KRAS mutations) and PI3 Kinase (via AKT) (Riobo et al., 2006; Dennler et al., 2007; Lauth & Toftgard, 2007) .
The new evidence provided here demonstrates the potential for Hh signalling pathway to influence stem cells in the adult rat testis, as well as during development of germ cells and establishment of normal spermatogenesis. These findings indicate that tightly controlled down-regulation of other Hh pathway components and up-regulation of SuFu regulates Hh pathway activity and signalling to enable full spermatogenesis. Given the welldocumented contribution of aberrant Hh signalling pathway to several kinds of cancers, knowledge of how this pathway is normally modulated, as demonstrated here for the testis, will help to identify new treatments for patients, in which stem cell behaviour is disturbed.
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